Turbidity and concentrations of polycyclic aromatic hydrocarbons (PAHs) of washwater circulated in a closedloop scrubber were measured to evaluate the washwater monitoring methods that were approved by the International Maritime Organization (IMO). In turbidity measurements, the turbidity is increased with circulation time, since exhaust gas soot particles are trapped in the washwater and are not removed during circulation. Several turbidimeters were tested to determine whether the trapped soot particles, i.e. sludge, will affect turbidities or not. Turbidimeters with single nephelometric detector were saturated in the high-turbidity range due to the existence of light-absorbing black sludge in the washwater. On the other hand, turbidimeters with two detectors that compensate for the effect of the light absorption showed linear response even with relatively higher turbidities. The observed turbidities depended on the sludge amount and also might be affected by the physical properties of sludge such as size and/or color. In the case of PAH measurements, the measured values are influenced by suspended particles in washwater, i.e. turbidity, because the PAH measurement is based on the fluorescence detection of PAHs. Then the observed PAH concentrations were numerically corrected using turbidity values. The corrected PAH concentrations were consistent with those of washwater in which the suspended particles were filtered to physically remove the effect of turbidity. The results confirmed that the turbidity correction of PAH concentrations was reliable.
Introduction
The regulation of fuel sulfur contents in the emission control area has been strengthened from January 1st, 2015 reducing sulphur content from 1.0% to 0.1% or below. To comply with the requirements, following methods are applicable: fuel switching to low-sulphur distillate fuel or liquefied natural gas, as well as SOx reduction methods to achieve SOx emissions equivalent to 0.1% sulphur in fuel when using residual fuel with high sulphur contents. Therefore, SOx scrubbers attract considerable attention as an Exhaust Gas Cleaning System (EGCS) to remove sulphur. According to the survey of MEC intelligence 1) , the growth rate of orders for scrubbers during March through September of 2014 is 125%, also 19% during October of 2014 through January of 2015. The total number of orders received as of January 2015 is 160 ships. The number of vessels equipped with scrubbers is not yet sufficient to verify the information regarding the installation and the operation of scrubbers. Moreover, ambiguities and operational issues have been found in the EGCS guidelines established by the International Maritime Organization (IMO), and then the amendment of the guidelines has already begun. The washwater discharge criteria of the current guidelines (EGCS 2009) 2) requires continuous monitoring of pH, temperature, turbidity and concentration of polycyclic aromatic hydrocarbons (PAH). On the other hand, there are yet only few systematic research of correlation between properties of the discharged water and engine operating conditions, including issues on measurement methods. It has been just recently reported along with the increasing usage of scrubbers that the measurement of turbidity is difficult in some cases due to air bubbles and dirt on measurement window of turbidimeters 3, 4) . Black particles, the soot included in exhaust gas, are trapped in washwater resulting in sludge. Hereafter the sludge dispersion is called as suspended solids (SS). The measurement of turbidity (light-scattering measurements) and PAH concentration (fluorometry) using optical method could be affected by black SS particles in the scrubber washwater. Consequently, in this study, turbidity and PAH concentration were measured with various operating conditions of an engine and a scrubber to investigate systematically the effects of the SS on measurement values. For the turbidity measurement, plural instruments of different measurement principles were compared to investigate the most appropriate system for suspension with SS. Also with regard to the measurement of PAH, numerical correction method using turbidity is applied to eliminate any effects of SS. Then we examined the validity of the numerical by comparing the corrected PAH with the PAH of filtrate after elimination of SS.
Experimental section

Operation of scrubber
The engine used for the experiment is middle speed, 4-stroke marine diesel engine (MU323DGSC, by Matsui iron works co., ltd.) which was operated steadily at 25% or 75% load ratio of rated maximum power in propeller-lawoperation with heavy fuel oil. Table 1 and 2 show specification of the engine and properties of the heavy fuel oil, respectively. The experiment was conducted using a Fig.1 , where temperature and pH are measured as well for confirming and controlling the scrubber operating condition. Figure 2 shows temperature and pH in the tank at flow rate of 18m 3 /h. The scrubber water started circulating at least 30 minutes before introducing exhaust gas into the scrubber, where the circulation was made sure to be stable along with the temperature and pH. After stabilization of the engine power, we started the continuous measurements of turbidity and PAH concentration and recorded the initial values immediately before the introduction of exhaust gas. At the same time, the circulating water was sampled as a condition of 0 min (starting point) for the laboratory analysis. Pump control for NaOH addition was also started after introducing exhaust gas into the scrubber.
Measurement for turbidity and amount of SS and soot
The EGCS Guidelines require using turbidimeter based on the measurement method approved by US EPA 180.1 or ISO7027 where scattered light should be observed at 90° against incident light. The significant difference between the two approved methods for turbidity is that ISO requires to use infrared light for light source which is monochromatic with wavelength of 860 nm 5) , whereas US EPA requires white light for light source and photo-detector which have the spectral peak response between 400-600 nm 6) (Table 3 ). For the case of ISO, measured values are less affected by colored particles because of monochromatic light source, whereas there is a weak point of having low sensitivity to smaller particles due to the relatively long wavelength of the incident light. On the other hand, instruments approved by US EPA show high sensitivities to relatively small particles due to the shorter detection wavelength ranging from 400 to 600 nm compared with that of ISO, whereas measured values are affected by colored particles because of white light source. Regarding turbidity unit, FNU (formazin nephelometer turbidity) is used for infrared light source whereas NTU (nephelometer turbidity) is used for white light source. And they are assumed to be equal at the low level of turbidity, 40 NTU (FNU) or below. In either proved method, the calibration is conducted using suspension of formazin as white particles. Among the same approved methods, there are many methodologies for measurements: standard systems for measuring 90° scattered light only, ratio type systems for calculating turbidity corrected with absorption due to suspended particles by measuring transparency in addition to measurements of 90° scattered light, and another type having two sets of light source and detector to correct heterogeneity of samples. Turbidimeters used in this study are shown in Table 4 . There are 2 types for turbidimeters, immersing type which is capable of continuous monitoring with automatic measuring every minute, and water sampling type for which we sample water every 15 minutes to be measured later at laboratory. Soot in the exhaust gas disperses in the circulation water of the scrubber and remains as so-called suspended solids (SS). In order to estimate the amount of SS causing turbidity, GFP gravimetric filtration method (dried at 105°C, filter mesh diameter of 1m) was carried out according to Appendix 9 of Notification No. 64-32 of the Environment Agency 7) . The soot concentration in exhaust gas was also measured with a filter smoke meter (415S, AVL).
Measurement for the PAH concentration
The PAH concentration was measured using submersible sensors for oil-in-water measurement (Enviro Flu-HC, TriOS GmbH) based on fluorescence spectroscopy. The instrument has already been certificated with type approval of DNV/GL. Table 5 shows the specification of the PAH meter. Also a numerical correction for the measured PAH concentration was carried out with turbidity simultaneously measured by a water quality checker (U-53, Horiba, Ltd.) which is submersible and ratio type turbidimeter conforming to US EPA. Zero-point correction of the turbidimeter were carried out using standard solution of pH4 following the instructions of the manufacturer. The circulation water was sampled for several times during 180 minutes after the introduction of exhaust gas into the scrubber. After filtration of the sampled water with membrane filter of 0.45m at laboratory to remove the SS, the PAH concentration of the filtrate was measured using the Enviro Flu-HC. As shown in Fig. 3 , the turbidity of the circulation water increases along with the circulation time since the closed-loop type scrubber used in this study circulates water without removing the SS. We compared the turbidimeters of different measurement principles in order to investigate the appropriate method to obtain precise turbidity of the circulation water with the black suspended particles. Figure 3 shows the turbidity of the circulation water for respective instruments, under the following conditions: flow rate of the circulation at 12m 3 /h and engine load at 75% (Fig.3a) or 25% (Fig.3b) . The initial turbidity of the circulation water was not zero although the turbidity of the fresh water used for the scrubber was 0 NTU. This is because that the soot left in the exhaust gas duct was introduced to the scrubber by the water circulation before the introduction of exhaust gas. As shown in Fig.3 whereas over 30 NTU, turbidity obtained by some turbidimeters was saturated along with the circulation time. Especially, there was a marked tendency of the saturation in ES1 or IS2 which has a single photodetector for detection of 90º scattered light. Under existence of large amount of SS, the turbidimeter with single detector is difficult to obtain right turbidity because incident light is absorbed by black suspended particles and intensity of scattered light is reduced. On the contrary, linearity of turbidity with SS concentration was maintained up to high turbidity for the ratio-type (ER1 or ER2) that corrects the contribution from colored particles and IS1 that corrects the effect of heterogeneity of the SS dispersion. It was elucidated that ER1 and ER2 of the ratio-type and IS1 were appropriate for measurement of turbidity of SS dispersion.
Engine load dependence
Comparing the turbidity change in duration shown in Fig.3 , the increase in turbidity at 25% load is larger than that of 75%. The exhaust gas flow rate at 75% load and the amount of soot in the exhaust gas measured by filter smoke meter is 14 m 3 /min and 17.3 mg/m 3 respectively, and 6 m 3 /min, 68.7 mg/m 3 respectively at 25% load. The soot emission amount per minute should be 0.24 g/min at 75% load and 0.41 g/min at 25% load by calculating with the values above, demonstrating that the soot amount at 25% load is about 1.7 times larger than that of 75%. The difference in turbidity by engine load seems to reflect the soot amount. Consequently, the correlation between turbidity and amount of SS is examined below.
Correlation between turbidity and amount of SS
The turbidity was measured with ratio types (ER1 and ER2) and heterogeneity corrected type (IS1) turbidimeters. whereas the amount of SS in the sampled circulation water was measured as a parameter of the amount of SS. The measured turbidity was plotted against the amount of SS (Fig. 4) . Figure 4 shows that the turbidity increases proportionally with the amount of SS in the range where it increased lineally along the circulation in Fig. 3 . However, the difference in turbidity by engine load cannot be explained simply by differences in the amount of SS, since the turbidity showed a higher value at 25% than that of 75% engine load, when having the same amount of SS. As for the main cause for the turbidity difference with engine load, it is considered that physical properties such as colors and particle size of SS, which may affect turbidity, vary with engine loads. When the particle size is the same as or larger than wavelength of incident light, light scattering intensity is proportional to particle surface area and particulate concentration 8) . Therefore, the turbidity decreases when the total surface area per unit volume becomes smaller by increasing the particle size. SS are aggregation of soot particles in water, forming relatively large particles in size. In this study, the SS in the water sample was able to be filtered with 0.45m filter and the turbidity of the filtrate was null, which suggests that the particle size is at least 0.45 m which is equal to or larger than wavelength of the incident light of turbidimeters. Assuming that the scattering intensity depends on particle size alone, the average particle size of the SS at 75% load will be larger than that of 25%. However, in actual, color of the SS may vary with engine load according to the ratio of the soot and the volatile organic compounds in exhaust gas. Thus, the color variation of the SS may also be contributed to the varied turbidity by the engine load.
Influence of circulation water flow rate
In order to investigate whether the turbidity depends on the size of suspended particles, the turbidity was measured with ER2 after fragmentation of the SS suspension with ultrasonic cleaning machine (Fig. 5) . The turbidity increased as the particle size decreased due to the dispersion of the aggregated SS by the sonication. To make sure such physical impact of the circulation water on the SS, turbidity was measured with varied flow rate of the circulation water. Figure 6 shows circulation time dependence of turbidity increment against the turbidity at time zero, the turbidity which was measured by the ratio type turbidimeter, ER1, capable of continuous measurement. The turbidity increased linearly with time after a round of total circulation water of 3 m 3 , i.e., after 15 min at 12 m 3 /h flow rate, and after 10 min at 18 m 3 /h flow rate, respectively. The turbidity increment was reduced with the higher flow rate when compared with the same engine load. The soot amount per unit time and its components in exhaust gas, which affect the turbidity, do not vary at the same engine load. Then the reduction of the turbidity increment will be caused from the increase of the particle size by acceleration of SS aggregation with the flow increase. However, further study of physical property of SS will be necessary such as systematic investigation of particle size of SS depending on engine load or circulation water flow rate.
3.2 Measurement result of PAH concentration 3.2.1 Validity in turbidity correction for PAH concentration Table 5 shows the excitation and fluorescence wavelength of the immersion-type PAH meter, Enviro Flu-HC. Since the EGCS guidelines require PAH to be evaluated by the PAHphe (phenanthrene equivalence), the excitation and fluorescence wavelengths of the PAH meter are the Figure 7 shows the time variation for PAHphe at 18m 3 /h flow rate with the engine load fixed at 25%. As shown in Fig. 3 , the turbidity increased with time, whereas the broken line in Fig. 7 shows the reduction in PAHphe concentration. Since the PAH concentration is measured by an optical method, the measured value needs correction of the influence of suspended particles, namely turbidity. Then PAHphes were corrected by the turbidity using the equation for turbidity correction provided by TriOS and the corrected PAHphe is shown in solid line in Fig. 7 . Further, to verify the turbidity correction, the PAHphes after filtration of the circulation water were plotted with black circles as in Fig. 7 . The validity of such numerical turbidity correction was demonstrated by that the PAHphe physically excluded the turbidity effect by filtration showed good agreement with the numerically corrected PAHphe by turbidity.
Engine load dependence
In order to investigate the effect of engine load, PAHphes were measured at different engine load, 25% and 75%, and PAHphe corrected by turbidity were plotted in Fig. 8 . The PAHphe values were almost constant without any dependency on circulation time nor on engine load. Whereas it has been elucidated in previous study that the PAH concentration in exhaust gas is higher at 25% engine load than that of 75% and PAH having relatively large molecular weight over 4 rings adsorbs on soot 9) . Therefore, PAH could adsorb on SS in the circulation water in addition to dissolving in water. As previously described, soot amount per unit time is larger at 25% engine load than 75%. Then larger amount of PAH in exhaust gas at 25% engine load will be compensated by its adsorption on SS. As a result, the amount of PAH in the circulation water did not depend on engine load. The flow rate of scrubber circulation in this study was adjusted to the standard rate of actual on-board scrubbers at 12 m 3 /h (45 t/MWh). The water quality change during the one round of the circulation (i.e., 15 minutes for 12 m 3 /h, 10 minutes for 18 m 3 /h) of the close-loop type scrubber of this study corresponds to that of using open-loop type. As shown in Fig. 3 , the turbidity during the single round did not reach the level of regulation by the EGCS guidelines. However, turbidimeters need linear response against the relatively higher turbidity since drawing water for scrubbers has high turbidity in some sea area. Further, the PAH concentration in the discharged water are restricted depending on the flow rate of washwater, namely PAH are restricted by total amount. In this study, PAH concentration measured was low Following the SS removal, freshwater is used for circulation when operating closed loop type on an actual ship. In the case of the closed-loop type operation for on-board scrubber, SS are usually removed from the washwater and the fresh water is circulated. The used washwater and the SS removed should be stored inboard and be disposed at the shore. However, the possibility of discharging washwater outboard when operating a closed -loop type is expected since sub-committee of IMO, Pollution Prevention and Response, agreed with EU directive (2012/33/EU) that was came in to force in 2014, in which requirement was loosened regarding the assessment of washwater including NaOH for closed-loop type operation. Then outboard discharging of washwater with SS as that of this study may be admitted if only the water quality is in the criteria range of washwater.
Summary
Turbidity and PAH concentration were measured with various operating conditions of the engine and the scrubber. When measuring turbidity using different measurement methods, it has been elucidated that the ratio method by correcting the effect of colored particles can measure precisely up to the relatively high turbidity level, whereas the method only for 90° scattered light did not indicate accurate values. Further, the validity of numerical correction of PAH concentration by turbidity was shown by the verification of the effect by suspended particles on the measurement of PAH concentration.
